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Abstract 16 
The purpose of the research was to evaluate the technical feasibility of using porcelain and 17 
ceramic stoneware tile wastes as aggregate replacement in hot bituminous open graded 18 
wearing courses. It is believed that it would reduce the environmental effects of wastes disposal 19 
and the natural aggregate demand. The investigated bituminous mix course was an open 20 
graded wearing course. Ceramic tile industry wastes were treated to obtain recycled 21 
aggregates. These aggregates were characterized and tested to see their suitability to be 22 
utilised in bituminous mixtures. The design process of mixture consisted on the study of 23 
mixtures prepared with natural and recycled aggregates. The mixtures were produced in both 24 
the laboratory and an asphalt plant basis, evaluating the influence of in situ production and 25 
scale factors. Recycled ceramic aggregates content was established to obtain appropriate 26 
mechanical and superficial characteristics, besides maximizing re-utilization of recycled 27 
materials. Up to 30% of recycled ceramic aggregates content by aggregates weight was found 28 
to be adequate. However, the partial substitution of natural aggregate by recycled ceramic 29 
aggregates involved higher water sensitivity in the mixture. The open graded wearing course 30 
with recycled ceramic aggregates was considered to be suitable for medium to low traffic 31 
volume roads, though further research is deemed to be necessary for technical and economical 32 
viability. 33 
Keywords: Asphalt pavement, recycled aggregate; stoneware waste; porcelain waste; open 34 
graded wearing course; very thin surface course  35 
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1. Introduction 37 
Excess stocks and defective products generate a large volume of waste outputs in the ceramic 38 
tile industry. Specifically, the Tiles and Pavements Spanish Producers Association estimated 39 
85,000 tons of ceramic waste outputs to landfill in the Valencian Region (Spain) for 2007. 40 
Chemical and mechanical characteristics of ceramic tile wastes could allow their use as raw 41 
material for recycled aggregates production. The reutilization of these wastes would result in a 42 
reduction of environmental impacts and waste management costs. Particularly, the integration 43 
of recycled ceramic aggregates as a partial substitute of natural aggregates for road 44 
construction and maintenance would reduce natural quarried aggregate demand, besides waste 45 
landfill pressures. 46 
The use of recycled materials as aggregates for road construction has been widely investigated:  47 
filled embankment [1]; mortar and concrete utilisation [2]; lower, base or sub-base granular 48 
courses [3]; or, integrated in hot-mix asphalt (HMA), either in the form of gravel, sand or filler [4] 49 
[5] [6] [7]. 50 
Regarding recycled aggregates utilization in bituminous mixtures for road construction or 51 
maintenance, several suitable materials were established as possible raw materials [8] [9]: slag 52 
from iron and steel blast furnace; china clay and sand; fly ash from coal fuel ash powder; 53 
foundry sand; sintered household waste; reclaimed asphalt pavement; recycled concrete; 54 
recycled glass; plastic waste; and crushed ceramics. Each recycled aggregate has specific 55 
problems and determines HMA properties.  56 
In Spain, the General Technical Specifications for Road and Bridge Works (PG-3) [10] allows 57 
the use of artificial aggregates in HMA, which meet the required specifications. 58 
In particular, recycled aggregate utilisation from the ceramic industry wastes was largely 59 
considered in road construction as: landfills; sub-base courses on low-volume roads; concrete 60 
blocks; and, manufacture of concrete [11] [12] [13]. 61 
Nonetheless, the research on using ceramic wastes in asphalt concrete is scarce. Most of them 62 
were dedicated to the use of ceramic materials from different industries as filler in HMA [12]. 63 
Muniandy [14] indicated the improved stiffness and the potential rutting resistance of Stone 64 
Mastic Asphalt mixture incorporating ceramic waste as filler–by 10% in mixture weight– respect 65 
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conventional limestone filler. Gahlot [15] point to the feasibility of adding up to 15% of recycled 66 
ceramic filler by total aggregates weight–from ceramic electrical insulators crushing–in HMA 67 
showing no significant differences respect to conventional aggregate mixture. 68 
The research on using bigger ceramic particles in hot bituminous mixtures has been far less. In 69 
this field, Krüger and Solas [16] investigated the use of sanitary ceramic wastes as recycled 70 
aggregates for road surface courses. High whiteness and hardness of recycled aggregates from 71 
sanitary ceramic wastes improved sunlight reflection, avoiding heating during summer months 72 
and increased pavement stability, further improving the visual contrast in the roadway. 73 
Van de Ven et al. [9] studied the feasibility of adding crushed ceramic waste aggregate–from 74 
electrical insulators–in a base course mixture regarding mechanical properties, but also 75 
leaching behavior. He replaced 15% of the coarse aggregates by ceramic waste aggregate in a 76 
base course resulting in good mechanical and leaching properties of the mixture. No water 77 
sensitivity was detected, but decreasing Marshall stability was 13% and many smooth ceramic 78 
pieces detached from the samples. This showed a lack of asphalt-ceramic adhesion.  79 
Feng et al. [4] evaluated the performance and thermal conductivity in asphalt pavements with 80 
different percentages of crushed ceramic waste from sanitary industry. The reference wearing 81 
mixture–SAC-10– was designed with basalt aggregate and filler made of calcium carbonate, 82 
80/100-penetration grade base asphalt and SBS (styrene-butadiene-styrene) modified asphalt. 83 
Only 4.75mm and 9.5mm size scraps from crushed ceramic waste were collected as recycled 84 
coarse aggregate. The recycled aggregates usually presented ceramic glaze on the surface, 85 
preventing entire asphalt-aggregate adherence. The addition of lower percentage of recycled 86 
aggregate reduced the thermal conductivity and rutting potential. Nonetheless, higher content 87 
could increase thermal accumulation and cause poor resistance, premature distress and rutting 88 
damage. They concluded that asphalt mixtures with up to 40% substitution of natural aggregate 89 
by recycled aggregate could satisfy the wearing performance requirements in pavements. 90 
2. Objective and scope 91 
Based on the findings of previous studies regarding ceramic waste aggregates, the main aim of 92 
the research is to explore the feasibility of Utilizing stoneware and porcelain waste from the 93 
ceramic tile industry as a potential raw material in asphalt mixtures. This paper investigates 94 
specifically the treatment of this waste to obtain a recycled ceramic aggregate (RCA) and its 95 
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application as a partial substitute for natural coarse aggregates in open graded wearing 96 
courses–also called very thin surface courses. The Marshall Method [17] is employed for the 97 
mixture design as well as European CE marking standards [18]. The performance evaluation for 98 
the asphalt mixtures are carried out in both laboratory and asphalt plant basis applying Marshall 99 
and European standard tests. It is expected that the obtained results allow the evaluation of the 100 
potential viability of using RCAs into asphalt concrete mixtures for open graded wearing courses 101 
in function of traffic volume. Nonetheless, further research of experimental sections under real 102 
traffic conditions will be necessary for the future validation. 103 
3. Materials 104 
3.1. Ceramic waste and aggregates 105 
The ceramic tile industry wastes were stoneware and porcelain stoneware tiles from landfills. 106 
Those materials are characterized by their high bending strength and abrasion resistance, as 107 
well as low water absorption. Besides, some tiles presented glazed surface. Stoneware (Figure 108 
1.a) and porcelain stoneware (Figure 1.b) wastes from tile industry were used as raw materials 109 
to produce recycled ceramic aggregates (RCA). 110 
These wastes were treated to reduce their dimension and to adjust to the required particle size. 111 
The treatment consisted on: selection and collection; bulldozer trampling; mechanical double 112 
trommel screening; crushing and grading in treatment plant. The resulted particle sizes of 113 
recycled ceramic aggregates were: 0-4 mm fine fraction (Figure 1.c); and, 4-11 mm coarse 114 
fraction (Figure 1.d). The RCAs were characterized through laboratory tests (Table 1). 115 
3.2. Natural aggregates 116 
Crushed quartzite and limestone were used as natural aggregates. The fine aggregate was 117 
limestone sand of 2 mm maximum particle size. The coarse aggregate was quartzite of 6 mm 118 
minimum size and 12 mm maximum size. The natural aggregates were characterized through 119 
laboratory tests (Table 1). 120 
3.3. Bitumen 121 
Modified bitumen type BM3c was chosen (Table 2 ). This bitumen can be used for many 122 
different traffic volumes and climates. 123 
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4. Preliminary studies 124 
Preliminary laboratory and field studies were performed on surface properties of pavement with 125 
recycled ceramic aggregates. 126 
4.1. Preliminary laboratory study 127 
The polishing resistance of RCA was evaluated through a preliminary laboratory study. 128 
Accelerated polish test (NLT-174) [19] was carried out on samples produced using 129 
characterized natural quartzite aggregates and RCA. Accelerated polishing coefficient (APC) 130 
variation regarding the amount of RCA and surface characteristics was studied on 6 tests. 131 
The results showed that the addition of recycled ceramics decreased APC (Figure 2). APC 132 
resulted lower than the required by the Spanish specifications for medium traffic volumes (T1-133 
T31 Spanish traffic categories, APC≥50%). However, for low traffic volumes (T32-T4 Spanish 134 
traffic categories, APC≥44%), the samples with a ceramic aggregate content of 15.5%, 31.1% 135 
and 55.5% had higher values to the required minimum, so were technically feasible for those 136 
traffic volumes. 137 
The polishing resistance of wearing course was influenced by the presence of ceramic glazed 138 
faces on the surface.  Empirical results indicated that an adjusted design of mixes with RCA 139 
could comply to the Spanish specifications. 140 
The sample with 31.1% of RCA had an APC of 47%, so it could be used as asphalt mixes of 141 
wearing courses with traffic levels from categories T1 to T4. However, a slight lack of APC was 142 
found for higher traffic volumes. An appropriate formulation of aggregates mix may supply it. 143 
4.2. Preliminary field study 144 
A preliminary field study was carried out to characterize the influence of RCAs addition on 145 
superficial features of a surface course. 146 
An experimental section was executed in a low-volume rural road with an Annual Average Daily 147 
Traffic (AADT) of approximately 600 vehicles per day during the field experiment. The section 148 
was a two-lane road, with 3.15 m lane width, without shoulders and 1,200 m long (Figure 3). 149 
The HMA executed was a semi-dense asphalt concrete for surface course with 16 mm of 150 
maximum aggregate size and standard grade bitumen 35/50 (AC22 SURF 35/50 S type), with 151 
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4.70% of binder content. The amount of RCAs was different in each roadway direction, with 152 
30% of RCAs in the lane A and 20% in the lane B. 153 
After eleven months under traffic circulation, the wearing course was auscultated in each lane. 154 
Three control profiles, with three control points in each profile, were defined in each lane. The 155 
presence of glazed and ceramic faces on the surface was also studied.  156 
The results (Table 3) showed good values of lateral friction coefficient (lane A = 77.55%, lane B 157 
= 68.23%), over the Spanish specifications (65%). The average values of macrotexture (lane A 158 
= 0.66 mm, lane B = 0.67 mm) were slightly insufficient for the requirements of Spanish 159 
specifications (0.70 mm) (Figure 3). 160 
5. Methodology 161 
The designed methodology consisted of (Figure 4): characterization of natural and recycled 162 
ceramic aggregates (RCA) according to their aptitude to be used in HMA; design and 163 
characterization of the open graded wearing courses, with both natural aggregates and partial 164 
replacement of natural aggregates by recycling through laboratory tests; analysis of suitability 165 
and feasibility of using recycled ceramic aggregates in HMA surface course. 166 
5.1. Aggregate characterization 167 
The raw materials used in the study are shown in Table 4.  168 
The filler was recovered from the aggregates processing plant during the production of both 169 
natural and recycled-with aggregates mix. 170 
Natural and recycled aggregates were completely characterized through laboratory tests on 171 
cold mixed fraction samples (Table 1), according to Spanish and European specifications (UNE-172 
EN 13043:2003+AC:2004) [20]. The characterization tests included: sieve analysis; specific 173 
gravity of coarse, fine and filler aggregates; water absorption; sand equivalent; bulk density in 174 
toluene; flakiness index; and, Los Angeles abrasion value test. 175 
The ceramic material was characterized by the presence of slabs. The slabs appearance was 176 
higher on porcelain material due to greater compactness. Besides, the RCAs were 177 
characterized by lower cleanliness and more natural moisture than natural aggregates.  178 
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The RCAs had a lower specific gravity and bulk density compared to the natural aggregates, 179 
related to higher air void content. Higher air void content entails more porosity and asphalt 180 
binder absorption, as well as the existence of more fatigue points for fracture initiation and less 181 
cohesion on the mixture. RCA had lower toughness and abrasion resistance in respect to 182 
quartzite for similar particle size, as the L.A. abrasion value test showed. However, the RCA 183 
had adequate toughness and abrasion resistance for using in medium traffic volumes (below 184 
the L.A. abrasion value of 25% established at specifications). 185 
5.2. Experimental design of hot bituminous mixtures  186 
The selected mixture type was an open graded wearing course with maximum aggregate size of 187 
11 mm, with modified bitumen type BM3c (BBTM 11B Bm3c). 188 
The design process was carried out according to Spanish specifications (PG-3). Main 189 
considered factors were: characteristics of aggregates, specially their typology and particle size; 190 
and, binder content. 191 
The granulometric fit was carried out (Figure 5), according to particle size spindles specified in 192 
the Spanish standards. 193 
To optimize the mixture binder content, an experimental laboratory study was carried out. The 194 
minimum dosage value set by the Spanish specifications was 4.75%.The obtained working 195 
formula allowed the feasibility of execution and use of the mixture. 196 
A conventional mixture (CM) with natural quartzite and limestone aggregates was produced in 197 
laboratory conditions and completely characterized through laboratory tests. 198 
Taking as baseline the CM working formula, the mixture with recycled ceramic aggregates 199 
(RCM) was designed. Preliminary and specific studies were carried out to develop the RCM 200 
working formula in respect to the percentages of ceramic and natural aggregates. 201 
5.2.1. Preliminary study 202 
The first approximation to the working formula was performed by several experimental tests 203 
under the variation of ceramic percentage and natural aggregates, as well as binder content. It 204 
was an iterative process with some feedback flows to meet required specifications. Ceramic 205 
aggregates were more porous than quartzite aggregates, involving higher bitumen absorption, 206 
specifically of the lighter phases of the bitumen under working temperatures. Therefore, higher 207 
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amount of RCAs caused a lower cohesion of the RCM, also an increase of air void content and 208 
a plastic behavior. Besides, the previous results from the field and laboratory studies of 209 
aggregates were also considered for the mixture design. The amount of RCAs conditioned the 210 
superficial characteristics of wearing course, modifying the polishing resistance. 211 
According to all the available data, the content of RCA was established on 30% of the total 212 
mass of aggregates for the studied mixtures (Table 5). 213 
5.2.2. Specific study 214 
The specific study of the RCM consisted on the final design of the recycled ceramic mixture, 215 
based on preliminary results and laboratory experimental tests. According to European 216 
specifications, binder content was determined by the study of binder content points in both CM 217 
and RCM. A set of three compacted specimens were produced for each binder content point 218 
and mixture type to determine the reproducibility of the results. The optimum binder content was 219 
4.6% for CM and 5.0% for RCM with 30% of RCA, agreeing specifications: filler/binder ratio = 220 
1.2; ITSr ≥ 90%; air particle loss <15%; wheel tracking deformation between 0.07 and 0.10 cm; 221 
and, air void content ≥12%. As an exception, ITSr was slightly below the specification value for 222 
RCM. 223 
The mixtures were produced both in laboratory and in an asphalt plant, assessing the influence 224 
of real production factors. The complete mixture characterization was carried out according to 225 
the prescribed tests in the Spanish specifications, which includes the European Conformity 226 
marking (CE mark). These tests corresponded with: binder content (EN 12697-39:2006) [21]; 227 
bulk density (EN 12697-6:2012) [22]; air void content (EN 12697-8:2003) [23]; air particle loss 228 
(EN 12697-17: :2006+A1:2007) [24], also used as an indicator of cohesion; water sensitivity (EN 229 
12697-12:2009) [25], determinated through the indirect tensile strength ratio (ITSr), obtained by 230 
the relation between the indirect tensile strength of water-dipped and air-dry specimens; and, 231 
resistance to permanent deformation with wheel tracking method (EN 12697-22:2008) [26], by 232 
measuring the rut depth formed by repeated passes of a loaded wheel. 233 
As an exception, the wheel tracking test was only performed on mixtures produced on asphalt 234 
plant. In addition, these tests were completed with water particle loss test (Cantabrian test, NLT-235 
352) [27]. 236 
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6. Results 237 
The results obtained from the characterization tests for the CMs and the mixtures with recycled 238 
ceramic aggregates (RCM), with a ceramic percentage of 30% over the total mass of 239 
aggregates, are presented in Table 6.The results for the mixtures produced in laboratory and in 240 
asphalt plant were also studied, comparing the specification requirements. 241 
Notable variations of the properties in respect to laboratory or asphalt plant processing were 242 
observed, despite having similar design parameters, such as binder content or filler/binder 243 
relation. Mixtures from asphalt plant presented higher air void content than mixtures produced 244 
at laboratory, particularly the CM.. Asphalt plant CM had a greater water particle loss (128.1%) 245 
air particle loss (75.9%) with respect to laboratory mixture. 246 
Asphalt plant RCM presented a slight variation of binder content (2.2%) and filler/binder relation 247 
(-4.2%) respect to laboratory RCM. The air void content was similar for both mixtures, although 248 
water sensibility and particle loss varied, worth mentioning is asphalt plant RCM respect to 249 
laboratory. The water sensibility of asphalt plant RCM was significantly higher than the 250 
laboratory one, which presented lower resistance after immersion afor the indirect tensile 251 
strength ratio (ITSr) test (21.5%). Water and air particle loss increased by 16.9% and 13.0% 252 
respectively in asphalt plant RCM with respect to laboratory RCM. 253 
The binder content tended to increase slightly in asphalt plant production. Otherwise, 254 
filler/binder relation and bulk density tended to slightly decrease in asphalt plant mixtures. 255 
The final asphalt plant mixtures were compared in order to evaluate the effects of partial 256 
substitution of natural aggregates by ceramic recycled aggregates (Table 6) in real conditions of 257 
production. RCM produced in asphalt plant with a 30% of RCA required a higher binder content 258 
and filler (10.4%) and had lower bulk density (8.7%) compared to CM, as shown in previous 259 
studies with ceramic aggregates due to less compactness and higher water absorption 260 
capability of ceramic material [4]. The air void content was greater in RCM than in the CM 261 
(20.0%), with both cases having values above 12.0% corresponding to an open grade mixture. 262 
The addition of ceramic aggregates produced an increase of resistance to plastic deformation, 263 
resulting in 9.8% lower wheel tracking deformation at RCM, in contrast with higher rutting 264 
deformation related to sanitary ceramic waste aggregate [4]. The RCM presented slightly higher 265 
water sensibility than the CM (8.5%) after immersion at the indirect tensile strength ratio (ITSr) 266 
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test, confirming previous sanitary-waste research [4], but refuting insulator-waste research 267 
findings [9]. Nonetheless, both mixtures were below Spanish specification values (≥90%). The 268 
RCM presented lower water particle loss than the CM (6.9%), although RCM air particle loss 269 
was higher (18.9%). 270 
7. Discussion 271 
The research confirmed that the open graded wearing course designed with recycled ceramic 272 
aggregates presented enough mechanical and surface properties to consider this aggregate as 273 
a feasible raw material for HMA. 274 
The addition of ceramic aggregates in the RCM conditioned a higher binder and filler contents, 275 
besides a lower bulk density compared to the CM. This was a recurrent problem shown by 276 
several studies with other recycled aggregates lacking compactness, such as those obtained 277 
from construction and demolition wastes [7] or ceramic-industry wastes [4] [9]. The increase of 278 
recycled aggregates causes the hard descent of the mixture density and the increase of air void 279 
content. The higher air void content combined with greater water absorption capability—280 
specifically observed with recycled ceramic aggregates from sanitary [4] or insulator industry 281 
wastes [9]—causes a larger binder absorption by aggregates during hot mixing. A bigger binder 282 
content offsets the binder absorption and maintains a suitable value of air void content. 283 
The RCM presented poor behavior after water immersion, in both the indirect tensile strength 284 
resistance after immersion and the water particle loss test. The higher moisture sensibility is 285 
related with the lower specific gravity of RCAs—involving more porosity in aggregates. Despite 286 
the higher binder content, greater binder absorption of RCA involves a lack of an effective 287 
asphalt covering the aggregates, encouraging the binder displacement by the water [7]. 288 
Besides, the RCA usually presents a glazed surface that disallowed entire asphalt-aggregate 289 
adherence [4], Those can lead to more fatigue points for fracture initiation defects and the 290 
stripping of aggregates, resulting in the loss of mechanical and superficial properties. Further, 291 
the increase of water sensibility appears to be related with the amount of RCA added, agreeing 292 
to previous studies that showed better moisture performance with low percentage of RCA—293 
between 20 to 40% of sanitary-waste aggregate added [4]— or even no significant influence of 294 
water in the RCM —15% of insulator-waste aggregate added [9]. However, higher percentage 295 
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of RCA is also related with higher water sensibility in the RCM—above 40% of sanitary-waste 296 
aggregate added resulted in a low indirect tensile strength resistance [4]. 297 
The RCAs were less resistant to abrasion with respect to quartzite aggregate for similar particle 298 
size. The lower polishing resistance and binder-aggregate adhesion on the RCM surface can 299 
influence the suitable durability and performance on surface. 300 
Nonetheless, the addition of RCAs produced an increase of resistance to plastic deformation of 301 
mixture. A higher plastic deformation resistance involves less rutting deformation. This differs 302 
with the earlier study carried out with sanitary-waste aggregate in HMA, that shown the rise of 303 
permanent deformation with the recycled aggregate addition [4]. 304 
The air particle loss obtained by RCM showed good values, despite of the lack of adhesion 305 
related to the presence of glazed surfaces and higher binder absorption by aggregates. 306 
Nonetheless, previous studies with insulator-waste aggregates indicated the presence of 307 
several smooth pieces of ceramic aggregate at the end of some tests [9]. 308 
The RCA presented suitable properties to Utilizing in HMA with respect to other waste-309 
aggregates [4] [7] [9], despite some limiting features. Mainly, the lower specific gravity and the 310 
greater water absorption capability of the RCA increase the water sensibility and can encourage 311 
performance problems in the mixture. 312 
With the production methodology, the mixtures produced in an asphalt plant basis presented 313 
higher void content than the mixtures produced in a laboratory. This fact shows mismatches on 314 
the production process, in consistence with previous studies that established higher void 315 
contents of plant-mixed material compared to laboratory-mixed material [28]. 316 
Therefore, the open graded wearing course with recycled ceramic aggregates is considered 317 
feasible for medium-low volume roads, although further research is needed to ensure technical 318 
and economical viability. 319 
8. Conclusions and further recommendations 320 
Based on the results of the research and regarding materials themselves the following 321 
conclusions can be drawn: 322 
- The RCAs are characterized by lower cleanliness, specific gravity and bulk density 323 
compared to the quartzite aggregates. 324 
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- The RCAs are less resistant to abrasion in respect to quartzite for similar particle size. 325 
Besides, presence of glazed faces influenced asphalt-aggregate adhesion and polishing 326 
resistance. 327 
- Empirical results indicate that an adjusted design of mixes with 30% RCA in partial 328 
substitution of natural aggregates can meet most of the required Spanish specifications. 329 
For the recycled ceramic aggregate-with mixture BBTM 11B, the main conclusions extracted 330 
are: 331 
- The production of mixtures in asphalt plant induce, in general, small increases of the 332 
required bitumen and the air void content. 333 
- The RCM presents better resistance to plastic deformation, although water sensitivity and 334 
particle loss properties are worse compared to CM. The most limiting factor for RCM is the 335 
indirect tensile strength ratio (ITSr), as a performance indicator for water sensitivity, since the 336 
values are below Spanish specifications.  337 
Therefore, recycled ceramic wastes are considered technically feasible to be incorporated as 338 
aggregates into asphalt concrete mixtures for open graded wearing courses. The mixture with 339 
30% of recycled ceramic aggregates by aggregates weight meet most of the mechanical and 340 
superficial characteristics established within Spanish specifications to be used as road surface 341 
layer for medium-low traffic volumes, with exception of water sensibility which should be 342 
improved by adjusting the working formula. The methodology validation will depend on the 343 
results of experimental sections under real traffic conditions. 344 
Future research can evaluate other mixtures types with RCA content in respect to their 345 
properties and employment. Besides, mechanical testing with Universal Testing Machine (UTM) 346 
should be carried out to determine repeated and static creep, or fatigue and stiffness modulus. 347 
In addition, comprehensive analysis of 10%, 20%, 30%, 40%, 50% and 60% replacements of 348 
natural aggregate by RCA and experimental evaluation should be carried out to determine the 349 
optimal replacement amount in the future. Finally, the exclusive use of porcelain tile waste–350 
which is more dense and compact than stoneware–should be analyzed, as a better mixture 351 
performance is expected. 352 
353 
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FIGURES 435 
  436 
(a)      (b) 437 
  438 
(c)      (d) 439 
Figure 1  (a) Stoneware tile waste; (b) Porcelain tile waste; (c) Recycled ceramic aggregates, 0-4 mm fine fraction; 440 
(d) Recycled ceramic aggregates, 4-11 mm coarse fraction 441 
 442 
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Note: GS = sample glazed surface percentage; (a) ≥50%, T1-T31 445 
traffic volumes, Spanish specifications; (b) ≥44%, T32-T4 traffic 446 
volumes, Spanish specifications 447 
Figure 2  Variation of polishing resistance through accelerated polish test 448 
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Figure 3  Control profile in the experimental section 452 
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Figure 4  Diagram of experimental HMA design process 455 
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Figure 5  Particle size distribution 459 
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TABLES 461 
 462 
SAMPLE 
C 
(%) 
MIN 
(mm) 
MAX 
(mm) 
NM 
(%) 
OD 
(g/cm³) 
SSD 
(g/cm³) 
SG 
(g/cm³) 
WA 
(%) 
FILL 
(%) 
SE 
BD 
(g/cm³) 
FI 
(%) 
LA 
(%) 
CERAMIC 
SAND 0/4 
- 0 4 2.34% 1.890 2.157 2.577 14.10 9.00% 
EA- 
78 
0.769 - - 
CERAMIC 
COARSE 4/11 
1.14 4 11 1.27% 2.212 2.300 2.425 3.96 1.10% - - 9.0 % 21 % 
LIMESTONE 
SAND 0/2 
- 0 2 0.16% 2.596 2.666 2.793 2.73 20.30% 
EA-
60 
0.714 - - 
QUARTZITE 
COARSE 6/12 
0.72 6 12 0.58% 2.698 2.718 2.762 0.93 0.72% - - 12.6 % 13 % 
Note: C = cleanliness (% # 0,063 mm); MIN = minimum size; MAX = maximum size; NM = natural moisture; 
OD = oven-dry density; SSD = saturated surface-dry density; SG = specific gravity; WA = water absorption; 
FILL = filler ≤ 0,063 mm; SE = sand equivalent; BD = bulk density in toluene; FI = flakiness index; LA = Los 
Angeles abrassion value; - = Data not aplicable. 
Table 1  Results from the characterization tests performed on cold mixed fraction samples 463 
 464 
CHARACTERISTIC METHOD RESULT UNIT 
Penetration (25°C;100g;5s) 
NLT-124 59 0.1 mm 
UNE-EN l1426 59 0.1 mm 
Density (25 ºC/25ºC) NLT-122 1 - 
Ductility (5 cm/min.) a 5 ºC NLT-126 30 cm 
Viscosity (Float test 60ºC) NLT-183 2000 s 
Softening point 
NLT-125 69 ºC 
UNE-EN 1427 68 ºC 
Fraass breaking point NLT-182 -17 ºC 
Elastic recuperation (25ºC) NLT-329 82 % 
Flash point NLT-127 235 ºC 
-: Data not applicable 
Table 2 Characteristics of modified bitumen BM3c 465 
466 
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 467 
RCA 
(%) 
Control Profile GF 
(%)  
SR 
(%) 
σSR  
(%) 
M 
(mm) 
σM  
(mm) Station (m) Point Zone 
30% 
10+000 
A11 Ext. 3% 
3% 
77.66 2.79 0.66 0.06 
A21 Center 3% 
A31 Int. 3% 
10+300 
A12 Ext. 4% 
4% A22 Center 4% 
A32 Int. 4% 
10+600 
A13 Ext. 5% 
4% A23 Center 4% 
A33 Int. 3% 
20% 
10+000 
B11 Ext. 5% 
5% 
68.23 4.76 0.67 0.07 
B21 Center 4% 
B31 Int. 5% 
10+300 
B12 Ext. 6% 
5% B22 Center 5% 
B32 Int. 5% 
10+600 
B13 Ext. 4% 
3% B23 Center 4% 
B33 Int. 2% 
Note: GF = Glazed faces; SR = Average skid resistance; σSR = Standard deviation of the skid resistance; M = 468 
Average macrotexture; σM = Standard deviation of the macrotexture. 469 
Table 3  Results from surface course auscultation 470 
 471 
TYPOLOGY SAMPLE 
PARTICLE 
SIZE 
SOURCE 
LIMESTONE AGGREGATES LIMESTONE SAND 0/2 0/2 mm 
QUARRY “LA 
TORRETA” (CASTELLÓN) 
QUARTZITE AGGREGATES QUARTZITE 6/12 6/12 mm 
QUARRY RIUDECOLS 
(TARRAGONA) 
RECYCLED CERAMIC 
AGGREGATES 
RECYCLED CERAMIC SAND 
0/4 
0/4 mm LANDFILL “LA TORRETA” 
“SALONI” CERAMIC 
(CASTELLÓN) RECYCLED CERAMIC 
COARSE 4/11 
4/11mm 
Table 4  Basic typology and source of the used raw materials 472 
 473 
BBTM 11B 
BIN 
(%) F/B 
BD 
(g/cm3) 
VOID 
(%) 
ITSr 
(%) 
WPL (a) 
(%) 
APL 
(%) 
CM 4.60 1.20 2.16 15.6 --- 8.5 4 
50% RCA 5.00 1.20 1.81 24.7 89.0 32.0 16 
30% RCA 5.00 1.20 1.89 23.4 85.4 20.7 10 
 474 
Note: BIN = binder content (EN 12697-39); F/B = filler/binder relation; BD = bulk 475 
density (EN 12697-6); VOID = air void content (EN 12697-8); ITSr = Water 476 
Sensitivity ITSr (EN 12697-12); WAL = Water particle loss 477 
(Cantabro test, EN 12697-17); APL = air particle loss (EN 12697-17); --- = No data. 478 
Footnote: (a) Complementary test 479 
Table 5  Preliminary study of mixture BBTM 11B, both conventional and RCM propierties 480 
 481 
 482 
22 
BBTM 11B BM3C BIN (%) F/B BD (g/cm3) VOID (%) WTS (mm/10³)  ITSr (%) WPL (a) APL 
C
M
 Laboratory 4.60 1.20 2.16 15.6 - 91.7 11.4 5.4 
Asphalt plant 4.63 1.18 2.06 20.6 0.041 73.2 26.0 9.5 
∆Plant Lab (%)(c) 0.7% -1.7% -4.6% 31.9% - -20.2% 128.1% 75.9% 
R
C
M
  
(3
0%
 
R
C
A
) Laboratory 5.00 1.20 1.89 23.4 - 85.4 20.7 10.0 
Asphalt plant 5.11 1.15 1.88 24.7 0.037 67.0 24.2 11.3 
∆Plant Lab (%)(c) 2.2% -4.2% -0.5% 5.6% - -21.5% 16.9% 13.0% 
∆RCMCM (d) 10.4% -2.5% -8.7% 20.0% -9.8% -8.5% -6.9% 18.9% 
SPECIFICATIONS 
(PG-3) 
≥ 4,75 
1,00 – 
1,20 
- ≥ 12,0 ≤ 0.07 ≥ 90% ≤ 25,0 (b) ≤ 15,0 
 
Note: BIN = binder content (EN 12697-39); F/B = filler/binder ratio; BD = bulk density (EN 12697-6); VOID = air void 
content (EN 12697-8); WTS = wheel tracking slope (mm/10³ load cycles) (EN 12697-22); ITSr = water sensitivity ITSr 
(EN 12697-12); WPL = water particle loss test (NLT-352); APL = air particle loss (EN 12697-17); - = Data not 
applicable. 
Footnote: (a) Complementary tests; (b) Not prescriptive in Spanish regulation; (c) ∆Plant Lab = Variation in asphalt 
plant mixture properties regarding laboratory mixture; (d) ∆RCMCM = Variation in recycled ceramic mixture properties 
regarding conventional mixture, both from asphalt plant. 
Table 6  Characterization of conventional and recycled-with mixtures produced in both laboratory and asphalt plant  483 
 484 
